Abstract The purpose of this study was to evaluate the impact on osteochondral healing of press-fitted multiphasic osteochondral scaffolds consisting of poly(ester-urethane) (PUR) and hydroxyapatite into a cylindric osteochondral defect in the distal non-weight bearing femoral trochlear ridge of the rabbit. Two scaffolds were investigated, one with and one without an intermediate microporous membrane between the cartilage and the bone compartment of the scaffold. A control group without a scaffold placed into the defect was included. After 12 weeks macroscopic and histomorphological analyses were performed. The scaffold was easily press-fitted and provided a stable matrix for tissue repair. The membrane did not demonstrate a detrimental effect on tissue healing compared with the scaffold without membrane. However, the control group had statistically superior healing as reflected by histological differences in the cartilage and subchondral bone compartment between control group and each scaffold group. A more detailed analysis revealed that the difference was localized in the bone compartment healing. The present study demonstrates that an elastomeric PUR scaffold can easily be press-fitted into an osteochondral defect and provides a stable matrix for tissue repair. However, the multi-phasic scaffold did not provide a clear advantage for tissue healing. Future investigations should refine especially the bone phase of the implant to increase its stiffness, biocompatibility and osteoconductive activity. A more precise fabrication technique would be necessary for the matching of tissue organisation.
Introduction
Articular cartilage is a very specialized connective tissue that functions as a natural weight bearing material, absorbing and transmitting loads across diarthrodial joints [1] . Once damaged due to trauma or diseases, articular cartilage has little self-healing capacity and this can lead to degenerative arthritis [2, 3] . It is estimated that every fifth individual in industrialized countries is affected by arthritis or, numerically, 103 million Europeans, six million Canadians, and 46 million Americans suffer from osteoarthritis [4] [5] [6] .
The treatment of chondral or osteochondral defects in the articular surface consists of a step-by-step approach. The different treatment options, depend on the severity of the damage. Surgical interventions vary in their invasiveness and include different lavage techniques, debridement, abrasion chondroplasty, Pridie drilling, microfracturing, corrective osteotomy or as end-stage treatment, total joint replacement. Another approach involves the use of biologics such as autologous chondrocyte transplantation, mosaicplasty or allogenic grafting [7] . Unfortunately, all these approaches have significant limitations including inferior quality of repair tissue, difficult surgical interventions, disease transmission, donor morbidity or limited donor availability. Tissue engineering represents a promising treatment option to overcome at least some of these limitations [8] . The basis of tissue engineering involves the construction of a scaffold to provide a framework facilitating optimal tissue ingrowth and eventually repair.
Scaffolds are engineered to provide mechanical stability, accommodate cells and drugs, and then guide tissue formation while resorbing with time and creating minimal adverse inflammatory reaction. With respect to osteochondral tissue engineering solutions, various strategies have been developed for the scaffold material, from the preparation of mono-to multi-phasic structures [9] . To recapitulate the anatomy of the osteochondral structure, monophasic scaffolds seem insufficient. In fact, a tissue engineered bi-phasic scaffold made of an engineered cartilage and a calcium phosphate ceramic plug has been shown to be potentially superior for the repair of criticalsize osteochondral defects in vivo [10, 11] . However, the authors reported that correct positioning of the implant, with respect to both the cartilage and bone regions, was important for optimal repair and that the interface stability between the cartilage and bone compartment was critical. Moreover, to avoid damage of the surrounding tissue as a result of interaction with the fixation technique (e.g. glue, suturing) of the scaffolds, scaffolds can be implanted using press-fit technique. This causes direct contact between tissue and scaffold and thereby improve the healing of the defect, and on the other hand avoid any negative interference between fixation technique and the native tissue. However, in the above study applying high force to pressfit the ceramic plug caused implant breakage and damage to the surrounding tissue.
Segmented biodegradable poly(ester-urethane) (PUR) have shown to be well suited for the fabrication of bone and cartilage grafts [12] [13] [14] . PUR scaffolds are biocompatible, have tuneable porosity, interconnected pores and elasticity [14] [15] [16] . The latter permits the use of press-fit technique to position the scaffold. The introduction of nano-size hydroxyapatite particles (nHA) as fillers in the PUR scaffold and the formation of an organic-inorganic composite lead to the improvement of both mechanical properties as well as of osteoconductive property [12, 15, 17, 18] . This has been shown in rabbits and sheep [19, 20] . Moreover, PUR resilience to repetitive complex mechanical load mimicking the knee motion, make it a particularly well suited candidate material in joint repair [21] .
Thus, the objective of this study was to evaluate a multiphasic osteochondral PUR scaffold consisting of a cartilage region and a bone osteoconductive region that can easily be press-fitted into an osteochondral defect. Hence, each compartment can be customized for the tissue specific needs and allow independent regeneration of the different tissues. With this in mind, the investigated scaffolds consist of PUR differing in its porosity in each compartment. Further, nHA particles were added to the bony compartment.
The main difference between the two investigated scaffolds is the addition of an intermediate barrier membrane in one of the scaffold types, incorporated between the cartilage and bone region of the scaffold to allow diffusion of nutrition, but no vessel ingrowth and therewith separate the different needs of the two tissues involved. This study evaluated the scaffolds without additional cells and growth factors in vivo, and therefore repair efficacy was not a critical outcome yet.
The scaffolds with and without membrane were implanted in an osteochondral defect in the distal nonweight bearing articular surface of the femur for 12 weeks. Macroscopic and histomorphological analyses were performed to assess stability and press-fit of the scaffolds, the influence of the membrane and the different scaffold compartments on the inflammation response as well as tissue repair.
Materials and methods

Poly(ester-urethane) and scaffolds preparation
Unless stated otherwise, the chemicals were from SigmaAldrich, Milwaukee, WI. Degradable PUR was synthesized in a one-step solution polycondensation as described in the literature [12] . The PUR and nHA/PUR scaffolds were prepared by adapting a salt leaching-phase inverse technique already described in the literature [12] . The PUR and nHA/PUR blocks were water-jet cut (CUTEC AG, Basel-CH) to cylinders of 3 mm diameter and 0.5 mm and 5 mm height for the PUR and nHA/PUR scaffold respectively. The porous PUR membrane was prepared as follows: a polymer solution was prepared by dissolving 2 g of PUR in 10 g of solvent mixture composed of DMF and acetone with a ratio of 9:1 v:v. The PUR solution was released from a horizontally oriented syringe fitted with a steel needle (diameter 0.8 mm), charged to 10 kV. The end of the needle was positioned 0.2 m away from the collecting surface, which consisted of a stationary copper plate covered with aluminum foil and charged to 5 kV.
The osteochondral scaffolds were assembled using a solvent welding technique. A DMF: acetone solvent mixture (1:3 v:v) was prepared, the tip of the nHA/PUR scaffold was soaked briefly in the solution and promptly pressed against the PUR membrane or scaffold. The same operation was performed after drying of the nHA/PURmembrane scaffold for the welding of the PUR scaffold. After drying of the final osteochondral scaffolds for 24 h in air, each sample was trimmed with a scalpel for removal of imperfections and washed in an ethanol/ddH 2 O (1:1 volume per volume) solution for 15 min and dried at room temperature, 30-40 % humidity and finally under vacuum at 40°C. The scaffolds were sterilized with ethylene oxide in a cold cycle (37°C) and degassed under vacuum for at least 5 days prior to implantation.
Imaging
Osteochondral scaffold structures were imaged with a highresolution micro-computed X-ray system (lCT 40, Scanco Medical, Brüttisellen, Switzerland) as already reported [12] . The specimens were scanned at an energy of 45 kV and an intensity of 176 lA. An integration time of 300 ms and 2-times averaging were used to enhance the signal-tonoise ratio to account for the low adsorption coefficient of PUR.
In vivo study
The entire study was approved by the Veterinary Commission of the Canton of Grisons, Switzerland.
Eighteen skeletally mature (32 ± 4 weeks old), female New Zealand White rabbits, weighing 4 ± 0.4 kg were enrolled in this study. The rabbits were randomly allocated into three groups (n = 6/group). Group one served as control group, in group two a biphasic scaffold and in group three a biphasic scaffold with a separating membrane between the two scaffold compartments was implanted.
Following premedication (medetomidin 200 lg/kg i.m., Virbac AG; midazolam 0.5-1 mg/kg i.m., Roche; fentanyl 3 lg/kg i.m, Sintetica) and induction (propofol 2 % 2-6 mg/kg i.v., Fresenius) the rabbits underwent general anesthesia (isoflurane in oxygen 2 % in 500 ml, Baxter). Perineural analgesia (lidocain 2 % 0.1 ml/kg, Streuli AG? bupivacaine 0.5 % 0.1 ml/kg, Astra Zeneca) was administered to the sciatic and femoral nerves.
The animals were placed in dorsal recumbency and the left stifle was prepared for aseptic surgery. A medial parapatellar arthrotomy was performed and the patella was luxated laterally to access the joint cavity with the leg in flexed position. A 1.25 mm diameter Kirschner-wire (Synthes no. 292.120) was inserted to the center of the medial trochlear ridge and overdrilled with a canulated 2.7 mm drill bit (Synthes, no. 310.670) with a fixed custom made drill depth limiter to create a 4 mm deep defect ( Fig. 1 ). During this procedure the defect was continuously flushed with isotonic saline to avoid thermal damage of the surrounding tissue. Remaining tissue at the edges of the defect was carefully removed. A scaffold was either pressfit inserted into the defect, or the defect was left empty, depending on the group allocation ( Fig. 1) .
After reduction of the patella, the joint was closed routinely in three layers with absorbable suture material. Post operatively, the rabbits received buprenorphine (0,05 mg/kg i.m/q 12 h, Reckitt Benckiser AG) for 12 h, Grade IV: severely abnormal 3-1 had a fentanyl patch (2 lg/kg/hr, Mepha Pharma AG) in place for 3 days and received carprofen (4 mg/kg s.c./q 24 h, Pfizer AG) for 5 days. Immediately after surgery the rabbits were allowed to fully weight-bear and were housed in single cages. After 1 week they were then group-housed for the duration of the study. Clinical examinations were performed twice a day for the first 3 days, daily up to 7 days and weekly thereafter. The animals were euthanized 12 weeks after surgery via an intravenous overdose of a pentobarbital. The external body surface, all orifices and the external aspect of the surgery site were evaluated macroscopically by a veterinarian. Then the joint cavity was carefully opened and the defect macroscopically scored by two independent examiners using the ''ICRS Cartilage Repair Assessment System'' (Table 1) [22, 23] . The best possible score was 12 points. Depending on the score results, the healing was classified as normal [12] , nearly normal , abnormal or severely abnormal (3-1).
Histological evaluation
After macroscopic evaluation, the distal femora were immediately fixed in 70 % methanol decalcified with a 12.5 % ethylendiaminetetraacetic acid ?1.25 % sodium hydroxide solution and dehydrated with 50 % ethanol. The samples were bisected perpendicular to the joint surface through the middle of the defect and embedded in paraffin. These embedded samples were then further sectioned in 5 lm (Microm cool cut; model: HM 3555) slices and stained with either Haematoxylin and Eosin (H&E) or Safranin-O and Fast green.
Histological findings were scored using a bright field light microscope (BX 40, Olympus, equipped with discussion unit U-DO3) with a score system adapted from O'Driscoll and the ''Visual Histological Assessment Scale'' by the International Cartilage Repair Society (ICRS score) [24, 25] . In addition to this adapted score, scaffold resorption was evaluated and scaled with a value of one for observation of scaffold architecture as initially implanted in the defect; a value of two for observation of none continuous scaffold remnants with significant irregularity and a value of three for the complete disappearance of scaffold remnants in the defect. Inflammation was characterized separately the cartilage and bony regions by the presence of mononucleated histiocytic inflammation around the scaffold and the following scoring system was applied: a value of four was given when no mononucleated histiocytic inflammation cells were observed; a value of three when only histiocytes were observed, a value of two when moderate amount of multinuclear giant cells were observed and a value of one when high amount of multinuclear giant cells were observed. The inflammation score value was calculated as the sum of the cartilage and bony regions score with a maximum value of eight for the absence of inflammation. This adapted score gave the opportunity to take into account the scaffold influence in the semi-qualitative evaluation of the histology sections ( Table 2) .
The maximum score, indicative of normal healing, was 26 points, composed of a maximum score of 19 for the cartilage compartment and seven for the subchondral bone. Additionally, the scaffold impact was scored with a maximum of 11 points for a fully resorbed scaffold without any granulomatous inflammation. Thus, the higher the score, the better the healing of the osteochondral defect.
Finally, the defect closure was defined in percentage of the defect diameter by measuring the gap in mm between the defect edges with the microscope equipped with the camera system DP21. A fully closed defect (100 %) was stated with a score of 3. 50 % closure as a score of 2. 25 % as a score of 1 and a closure under 25 % was assigned to a score of 0.
Statistical analysis
For statistical evaluation (SPSS) a Kruskal-Wallis test followed by a Mann-Whitney U Post-hoc test was performed (P = 0.05). For multiple comparisons, Bonferroni correction was used to determine, if post hoc tests were significant. The following items were analysed comparing all three groups: ICRS macroscopic score values, healing of cartilage and/or bone department. Overall microscopic score values including scaffold resorption and inflammation were compared between group two and three only.
Results
Scaffolds characterizations
Porosity, average pore size and stiffness of the cartilage and bone compartments as well as mechanical testing are reported in Table 3 and the architecture of the osteochondral scaffolds in Fig. 2 .
The cartilage compartment had a lower average pore size than the bone compartment with a similar porosity. The stiffness value of the bone compartment was higher than for the cartilage compartment even if the latter had a lower pore size value.
The nHA/PUR scaffolds present regions of higher density, higher X-ray absorption and brighter intensity in the images compared to the PUR scaffold (Fig. 2a, c) . Quantitative analysis of the osteochondral scaffold was not performed due to the small size of the construct. However, the lCT analysis performed suggested conservation of the scaffold region structures except at the interface between the cartilage and bone compartments, where solvent welding may have caused the collapse of the pores structure.
In vivo study
All rabbits recovered well from surgery and all clinical exams were within normal limits for the duration of the entire study.
Macroscopic evaluation
No pathologic changes were detected neither in the surrounding cartilage, nor macroscopic inflammation was observed in the joint cavity. At necropsy, no scaffold material was detected in the stifle joint in groups two or three. The group one was ranked as nearly normally healed as scored by the ''ICRS Cartilage Repair Assessment System'', while group two score was consistent with a marginally abnormal healing and group three showed an abnormal macroscopic healing (Fig. 3) . The difference between groups one and two score values was statistically significant (P = 0.004).
Microscopic evaluation
The histomorphological scores, defect closure and granulomatous inflammation scores are reported in Figs. 4 and 5. Group one had the highest histological score of the three groups. In the six animals of the control group, the defect closure was scored with three at week 12. The cartilage compartment showed notably good healing especially in terms of cellular morphology, structural integrity and thickness compared with the normal adjacent cartilage (Figs. 4, 6a, d ).
Group two had a significantly lower histological score compared to group one (P = 0.006), but not different to Group three (Fig. 4) . The closure of the defect was scored with an average value of 1.5, for the group two with a range between 0 and 3 (Fig. 5) . The cartilage compartment was clearly distinguishable with of the six animals already showing hyaline like articular cartilage. In the bone compartment of all six defects mild granulation tissue was found. No granulomatous inflammation was seen in the cartilage compartment of the defect in four out of six, while in one case only multinuclear giants cells were not observed in the bone compartment rabbits (Figs. 5, 7) .
Group three had a significantly lower histomorphological score than group one (P = 0.009) with a defect closure average value of 1.8 (Fig. 5) . The cartilage compartment showed in half of the cases hyaline-like cartilage (Fig. 7) . In the bone compartment, granulation tissue was filling the bone area of the defect (6/6). Analysing the inflammatory reaction to the scaffold, the cartilage compartment reacted similarly to group two (Figs. 6, 7) .
Analysing the two compartments, bone and cartilage separately, significant difference between groups one and two (P = 0.015) and one and three (P = 0.015) was found only in the subchondral bone compartment. Finally in group two and three, the resorption of the scaffold had started and resorption score value was two for all samples.
Discussion
In this study, a 2.7 mm diameter, 4 mm in deep osteochondral defect was considered to be appropriate to assess the press-fit scaffold stability in the defect and the tissues' reaction to the scaffold materials and architectures and was comparable to reported studies, where synthetic polymeric scaffolds, mono-and multiphasic, have been implanted and studied [20, [26] [27] [28] [29] [30] . To assess the influence of the scaffold on the healing process, a control group without a scaffold filling the defect was included in this study.
An Osteochondral defect in the medial trochlear ridge of rabbit is a good model for proof-of-concept in vivo studies, screening therapeutic interventions aimed at cartilage healing due to relative cost effectiveness, ease of handling and acceptable joint size for surgical interventions. The disadvantages of the model are the physical size limitations such as the thin hyaline cartilage layer, and the potential spontaneous healing in rabbits even in large defect sizes and the different loading conditions compared to humans [31] [32] [33] . Indeed, the cartilage thickness of the distal medial trochlea in rabbits is 306 ± 30 lm thick, which makes it very challenging to reproduce with the fabrication techniques used for the PUR scaffolds [34] . In this study the cartilage compartment was nearly twice as thick. Even without considering cartilage thickness variations in rabbits, the interface of the multiphasic scaffolds could seldom be adjusted to the osteochondral tissue architecture. Presumably this occurred because of (size) limitations of the animal model and the scaffold fabrication, which is a major limitation of the model used. Clearly, precise and highresolution fabrication techniques (e.g. stereolithography) would be needed for creating multiphasic scaffolds in the small dimensions needed for use in rabbits. Alternatively, the problem may be solved when using large animal models or in human clinical cases, due to thicker cartilage layer and the larger defect sizes [8, 31, 34] .
Inserting the PUR/nHA and PUR scaffolds by pressfitting provided uniform, direct and tight contact between scaffold material and host tissue, and it increased mechanical stability without the need of sutures or a glue that could further damage tissue or impede tissue repair [35, 36] . None of the implanted scaffolds had migrated into the knee cavity after 12 weeks of implantation. This was similar to what was found by Hannink et al. [20] , suggesting that elastomeric scaffolds provide an excellent press-fit and in vivo stability in relatively large osteochondral defects. While there was no statistical significance between the scaffold groups score values at 12 weeks, there was a significant lower macro-and histomorphological score values for the scaffold groups compared to the control. The histological evaluation yielded further information on the healing process and the influence of the scaffolds. The repair score for the bone compartment was consistently three for groups two and three (Fig. 4) . Granulation tissue had grown into the bone compartment of the scaffold with, in some cases, cartilage-like tissue covering the scaffold (Figs. 6, 7) . The bony ingrowth in the distal part and the edges of the multiphasic scaffolds occurred via endochondral ossification [37] . This suggests that the nHA/PUR scaffolds do not induce significant bone ingrowth and may have poor osteoconductive property even in the presence of nHA particles at the macro-pore surfaces. This may also be related to the relatively low mechanical properties of the HA/PUR scaffolds compared to bone tissue, even if a reinforcing effect of the nanoparticles of hydroxyapatite in the polymeric phase could be previously shown ( Table 3) . The low stiffness of the scaffolds may direct the repaircells mobilized in the defect during the injury (mesenchymal stromal cells) toward cartilaginous and fibrous tissues.
In a previous study by Laschke et al. [17, 18] , the same PUR and nHA/PUR materials tested in a dorsal skin chamber model of BALB/c mice, did not elicit an inflammation response at 2 weeks. In the present study, signs of multinucleated giant cells in both PUR and nHA/PUR scaffold compartments were observed at 12 weeks. This is comparable to the observations of Schlichting et al. [38] , who detected a large number of polynuclear giant cells phagocytising after 12 weeks and a large volume of remaining polyurethane scaffolds in the presence of started tissue regeneration. This is potential sign of on-going scaffold phagocytosis, which is an important step towards tissue repair.
The hypothesized beneficial effect of a micro-porous separating membrane between the two compartments of the scaffold could not be demonstrated. No significant differences in histological evaluation of the cartilage compartment was found between groups two and three. In this study a cell-free approach was choosen to test only the scaffolds. However, it is likely that the combination of a cell and osteochondral scaffold matrix approach may be needed for successful healing of articular cartilage and osteochondral defects [39] . If the scaffold is seeded with cells, the effect of the membrane should be reevaluated.
Finally, in the scaffolds groups higher variations was seen (macroscopic and microscopic), mainly in the cartilage compartment compared to the control groups. This indicates that there was a wide spread of healing level in the scaffold groups. As all scaffolds have been produced from the same poly(ester-urethane) batch, the variation is not attributed directly to the surface chemistry of the material, but hypothetically to scaffold structural difference (porosity, surface topography) which are widespread due to the fabrication technique.
Conclusion
The present study demonstrates that an elastomeric PUR scaffold can easily be press-fitted into an osteochondral defect and provide a stable matrix for tissue repair. However, the multi-phasic scaffold did not provide a clear advantage for tissue healing here, Future investigations should refine especially the bone phase of the implant to increase its stiffness, biocompatibility and osteoconductive activity, and a more precise fabrication technique would be necessary.
